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Alpine meadow is the predominant ecosystem in Qinghai-Tibet Plateau. The firm turf of alpine meadow formed by sub-surface 
anfractuous roots can be effective in conserving water and soil. Alpine meadow is a primary contributor to the Chinese Water 
Tower. For quantitative assess anti-erosion ability of alpine meadow, this paper selected three typical meadow slopes with >60% 
vegetation coverage to evaluate soil erosion rates using 137Cs. The results showed that (1) soil erosion intensity of typical alpine 
meadow was slight to light. Erosion rates were 464 t km–2 a–1 in Malong Village, 415 t km–2 a–1 in Yeniugou Town and 875 t km–2 
a–1 in Zhenqin Town respectively; (2) soil erosion rates were correlated negatively with vegetation coverage, and the relationship 
was clearer at the slope scale than plot scale; (3) the relationship between soil erosion and vegetation coverage showed that vege-
tation coverage was a predominant factor in retaining soil and water on slopes. With complete turf and high vegetation coverage, 
alpine meadow was of great significance for soil conservation and prevention of soil erosion. 
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Cesium-137 (137Cs) is a radioactive nuclide with a half-life 
of 30.17 a, which originated from atmospheric nuclear test-
ing during the 20th century. 137Cs, mainly settled to the 
ground with the rain, was absorbed strongly by soil particles 
and was hardly affected by absorption of vegetation and 
eluviation. The load of soil 137Cs is associated only with 
radioactive decay and soil erosion [1–3]. 137Cs is a good 
tracer of soil erosion, and a simple mathematical relation-
ship can be established to calculate soil erosion or deposi-
tion rates by measuring the change and distribution of 137Cs 
across vertical profiles and cross sections. Many researchers 
have made significant contributions using 137Cs in different 
research areas since the 1970s. These included quantitative 
soil erosion research on the Loess Plateau [4], the spatial 
distribution of soil erosion and deposition and comparison  
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of soil erosion intensity under different land uses [5,6], 
quantitative research on sloping farmland in important soil 
and water loss regions of the upper Yangtze River [7,8], 
characteristic of soil erosion and deposition in the black soil 
region [9], 137Cs distribution in vertical profiles in the red 
soil region [10], and soil erosion research on different land 
use cover changes in the red soil hilly region [11]. Some 
nuclide tracer researches has been conducted on the Qing-
hai-Tibetan Plateau, but most were wind erosion studies 
focused on dunes, grasslands and other sandy land-
scapes[12–15]. Similar studies have been conducted on 
grassland transects across the Mongolian Plateau [16–18]. 
Water erosion research has not previously been ad-
dressed to any great extent in Dari County, Qinghai Prov-
ince [19]. The hinterland of the Qinghai-Tibetan Plateau, 
which contains the headwaters of the Yangtze, Yellow and 
Lancang rivers, is the highest and largest plateau wetland 
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ecosystem. Ecosystem types include rivers, lakes, marshes, 
jokuls and glaciers, what’s more, the region also has one of 
the highest biodiversity hotspot in the world. Grassland is 
the main ecosystem in the region, covering 65.37% of total 
area [20]. Alpine meadow is the main grassland type ac-
counting for 76% of total grassland. The firm turf formed 
by sub-surface anfractuous roots is effective in conserving 
water and soil, contributing to maintaining the “China Water 
Tower”. Quantitative assessment soil erosion using 137Cs in 
the typical alpine meadows is of great importance in revealing 
the mechanism of water and soil conservation in these areas. 
1  Study area 
Plots are located in Maduo County of the source region of 
the Yellow River, in Chengduo County of the source region 
of the Yangtze River, and in Yushu County of the source 
region of the Lancang River. Average altitude is >4200 m 
above sea level. Vegetation type is typical alpine meadow 
associated with meadow soils. Climate type is typical con-
tinental, with alternating cold and hot seasons, clear wet and 
dry seasons, long sunlight hours and intense radiation. The 
annual average temperature and precipitation are –3.76°C, 
316 mm in Maduo, –4.66°C, 508 mm in Chengduo, and 
3.29°C, 479 mm in Yushu, respectively. 
2  Data and methods 
2.1  Sample collection and analysis 
Soil samples were collected in July 2008 (Figure 1 and Ta-
ble 1). The double slope line method, which two parallel 
transects were laid downslope with 15 to 30 m intervals, 
was used, and on each transect 7 to 9 sample points were 
plotted. Considering the distribution of 137Cs was shallow in 
grassland soil, generally less than 15 cm [14,16–18], the 
sampling depth of 24 cm was identified. A 90 mm diameter 
auger was used to collect. 137Cs samples were excavated 
using a 18 cm × 25 cm container to 24 cm depth, and were 
collected in 2 to 6 cm increments (0–2, 2–4, 4–6, 6–8, 8–12, 
12–18, and 18–24 cm) in the middle of the slope line. Bulk 
density samples were collected by ring shear, with five rep-
licates from each slope. Vegetation composition, coverage, 
height and biomass were assessed by quadrat survey. 
Soil samples were air-dried, ground, and sieved to 2 mm 
to remove plant residue and gravel. Samples, at least 250 g, 
were weighed and sent to the Laboratory of Radiation and 
Environment in China University of Geosciences to meas-
ure 137Cs activity. 137Cs activity was determined by calcu-
lating the whole peak area of γ radial at 662 keV, detected 
by Ametek gamma spectrometers (HPGe, Despec). The 
relative detection efficiency was 30%. The energy resolu-
tion was 1.67 keV for 60Co 1.33 MeV. The lowest limit of 
detection was 0.77 Bq kg–1. The accumulative measurement 
time was between 11033 s and 38100 s for each sample, and 
was greater than 15000 s for samples with activity above 
zero. The standard error during the test was ±5% (at 95% 
confidence). 
2.2  Calculation of soil erosion using 137Cs 
The specific activity of 137Cs (Bq kg–1) was measured. This 
can be converted to areal activity (Bq m–2) by multiplying 
 
Figure 1  The terrain of study area and the locations of 137Cs plots. 
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soil bulk density and plot depth. For each plot the areal ac-
tivity of 137Cs was the total activity from the soil surface to 
the depth, in which 137Cs was not detected anymore. This 









= ⋅ ⋅∑  (1) 
where CPI is a sample point’s total 137Cs (Bq m–2), i is the 
sequence number of soil layer, n is the number of sample 
levels, Ci is the degree of 
137Cs activity in the i layer (Bq 
kg–1), Bi is soil bulk density of the i layer (t m
–3), and Di is 
the thickness of i layer. 
Models, using 137Cs activity to compute soil erosion, 
have been developed around the world, and the profile 
model was one classical model [22]. In this model, the dis-
tribution of 137Cs in the soil profile was presumed to have an 
exponential distribution on undisturbed land, and a maxi-
mum 137Cs deposition occurred in 1963. 
Due to 137Cs mobility, the classical model cannot de-
scribe exactly the distribution of 137Cs profiles. Later, the 
137Cs distribution cannot be simulated by the profile model 
because of diffusion after the rainfall of 137Cs. Based on the 
former work of Walling and He [23], Zhang et al. [24] de-
veloped an erosion appraisal model according to 137Cs trans-
mission diffusion process, further improved the precision of 
calculating erosion rates. This soil erosion model was: 
 01 e ,h NHK −= −  (2) 
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was the relative loss of 137Cs in the soil profile, Aref(T) was 
the inventory content of 137Cs (mBq cm–2), Arm(T) was the 
profile content of 137Cs in the sampled year (mBq cm–2), H 
was the annual soil erosion depth (cm) since 1963, h0 was 
the shape parameter of the 137Cs profile, and N was the soil 
layers eroded since 1963. 
2.3  137Cs inventory 
The 137Cs inventory, referring to the total 137Cs in an un- 
eroded soil profile since nuclide deposition [25], is an im-
portant basis for soil erosion calculation. Inventory samples 
were collected in three plots of typical alpine meadow, with 
flat terrain, no erosion and deposition. These plots had 
compact roots and high vegetation coverage from 90% to 
100%. Each inventory sample consisted of one layered 
sample and four gross samples, and was collected using the 
same sampling methods as the slope samples. 
The profile distributions of inventory 137Cs presented 
exponential curves caused by diffusion processes [24,26]. 
The highest inventory 137Cs activity was higher than the 
activity of slope samples (Figure 2). 
To test the reliability of the inventory 137Cs, we com-
pared our results with the simulated inventory modeled by 
Walling and He [23]. The 137Cs inventory in this study 
showed no big differences with results obtained by Yanping 
[12,13] and Zhang [14,15] on Gonghe Basin (Table 2), and 
was less than the inventory measured by Li [19] Dari 
County. The 137Cs deposition model of Walling and He un-
derestimated actual values because of the model assump-
tions [27]. Comparing measured values with the simulated 
data, measured inventory values were higher in Dari County 
[19], but our measured inventory values are similar to those 
in the other three sites. 
3  Results and discussion 
3.1  Soil erosion characteristics of typical alpine  
meadows in Qinghai-Tibet Plateau 
The slope S1 was located in Malong village, where the soil 
type was alpine meadow soil. In this place, roots were dis-
tributed primarily at 0 to 15 cm depth, particularly at 0 to 10 
cm. Soil depth ranged from 18 to 30 cm, and underlain by 
abundant clastic gravel slope wash. Vegetation coverage 
reached 84% and had a height of 2–5 cm. Vegetation types 
were mainly alpine meadow species such as Kobresia hu-
mills, Kobresia humilis Serg., Polygonum viviparum Linn. 
and associated with Saussurea pulchra Lipsch., Gentiana 
straminea Maxim., Potentilla nivea Linn., and Scirpus 
distigmaticus (Kukenth.) Tang et Wang. 
Erosion rates on different parts of slopes differed (Table 3). 
On upper slopes where gradient was 10° (S1-01–S1-03), the 
farther away from the top of the slope, the erosion rate was 
higher. Almost no erosion occurred in the uppermost S1-01. 
Vegetation coverage in S1-03 was the lowest at 75%, and 
the largest erosion rate was 945 t km–2 a–1. The mid-slope 
gradient was 5° (S1-04–S1-06). No significant differences 
in erosion intensity were observed, although erosion    
Table 1  Basic information on 137Cs sampling plots 










S1 Lancang River 
Yushu, Malong Village 
32°58′25.3′′N, 96°19′01.1′′E 4384 





S2 Yangtze River 
Chengduo, Zhenqin Town 
33°24′26.8′′N, 97°20′25.4′′E 4350 





S3 Yellow River 
Maduo, Yeniugou Town 
34°27′51.98′′N, 97°58′9.4′′E 4430 
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intensity increased slightly with distance from the top of the 
slope. The erosion rate ranged between 471 t km–2 a–1 and 651 t 
km–2 a–1, lower than S1-03 because of lower gradient. The ero-
sion rates of S1-07–S1-09 were slightly lower than the upper 
slope, and ranged between 491 t km–2 a–1 and 533 t km–2 a–1. 
The average erosion rate of the whole slope was 464 t km–2 a–1. 
Turf on the Zhenqin slope was firm, relatively intact with a 
thick soil layer. Roots were distributed primarily between 0 to 
15 cm. Average vegetation coverage was 70% and vegetation 
height was 1.5 to 2.5 cm. Vegetation was composed mainly 
of Kobresia humills, Stipa purpurea Griseb., Leontopodium 
nanum (Hook. f. et Thoms.) Hand.-Mazz., and associated with 
Saussurea pulchra Lipsch. and Potentilla nivea Linn. 
The erosion intensity of Zhenqin ranged between 518 t 
km–2 a–1 and 1536 t km–2 a–1 (Table 3), and the average value 
was 875 t km–2 a–1. The erosion rate at S2-03 with minimum 
vegetation coverage was the largest, up to 1536 t km–2 a–1. 
The erosion intensities of the three plots with vegetation 
coverage more than 70% (S2-01, S2-05, and S2-06) had no 
obvious differences, with an average erosion intensity of 
832 t km–2 a–1. The average erosion intensity of two plots 
with vegetation coverage lower than 70% (S2-03 and S2- 
07) was 1174 t km–2 a–1. The average erosion rate of slopes 
>5° (S2-02, S2-03, S2-04, and S2-05) was 890 t km–2 a–1, and 
that of those <5° (S2-01, S2-06, S2-07) was 857 t km–2 a–1. 
The Yeniugou slope had intact turf, and the alpine 
meadow soil was 15 to 20 cm in thickness with a rich root 
system. Average vegetation coverage was 88%. Plants were 
2 to 3 cm tall and composed mainly of Kobresia humills, 
Kobresia humilis Serg., Kobresia capillifolia (Decne.) C. B. 
Clarke, and associated with Saussurea pulchra Lipsch., Po-
tentilla fruticosa Linn., Aster flaccidus Bge., Pedicularis 
kansuensis Maxim. and Potentilla nivea Linn. 
A sediment accumulation zone occurred at the concave 
of mid-slope plot S3-04, with an accumulation rate reaching 
729 t km–2 a–1. The average erosion rate including S3-04, 
was 415 t km–2 a–1, and was 606 t km–2 a–1 excluding S3-04. 
The former represented net soil loss intensity across the 
whole slope while the latter showed the influence of erosion 
on the Yeniugou slope. Excluding the accumulation plot, 
average erosion intensity of sites with vegetation coverage 
90% (S3-01 and S3-02) was 368 t km–2 a–1. In the sites 
where vegetation coverage was between 80%–90%, (S3-03, 
S3-06, S3-07) the erosion intensity was 429 t km–2 a–1. The 
plot S3-05 with minimum vegetation coverage of 75% had 
the highest erosion intensity of 1614 t km–2 a–1. 
3.2  Relationships between soil erosion and vegetation  
coverage on typical alpine meadow slopes 
Differences in soil erosion intensity (Tables 1 and 4) can be 
interpreted by comparing the three study sites. Yeniugou, 
with the lowest precipitation and maximum vegetation cov-
erage, had the lowest average erosion rate caused by the 
 
Figure 2  Profile distribution of 137Cs on alpine meadow of Qinghai-Tibet Plateau. 
Table 2  Comparison between measured and simulated inventory of 137Cs 







inventory (Bq m–2) 
Source 
S1 479 2130 1096 this work 
S2 508 1969 1121 this work 
S3 316 2538 938 this work 
S4** 399 2139 1024 [12] 
S5** 265 1888 879 [13] 
S6** 370 1929 994 [14,15] 
S7** 545 3462 1151 [19] 
* Background values have been revised to 2008; ** S4, S5, S6, S7 are 
symbols of plots name from literature. 
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concave terrain. Malong, with minimum gradient and me-
dium vegetation coverage, the erosion rate was moderate. 
Zhenqin had the highest soil erosion rate which was caused 
by maximum precipitation and minimum vegetation cover-
age. Based on these analyses, it is concluded that precipita-
tion, vegetation coverage and terrain had appreciable impact 
on soil erosion. On the slope scale, there was a negative cor-
relation between soil erosion rate and vegetation coverage 
(Table 4). The higher the vegetation coverage, the smaller the 
average erosion rate (R2 = 0.9863 where P<0.01). 
We conducted correlation analysis among erosion rates, 
gradient and vegetation coverage. No specific correlation 
between soil erosion rates and gradient (excluding one ac-
cumulation point) existed at the plot scale. However, there 
was an obvious negative correlation between soil erosion 
rates and vegetation coverage (R2 = 0.555 where P<0.01; 
Figure 3). This indicated that vegetation coverage had the 
most obvious impact on alpine meadow erosion intensity of 
all the factors influencing soil erosion. This can be ex-
plained by the characteristics of alpine meadow, in which 
aboveground biomass was relatively small but underground 
biomass was large. The high density of tough roots distrib-
uted in the sub-surface played an important role in prevent-
ing intensive soil erosion. Vegetation coverage determined 
growth status and in turn tightness of the root system, and 
high vegetation coverage tended to prevent erosion. 
4  Conclusions 
Based on the former discussion and analysis, we concluded 
that: 
(1) The three typical alpine meadow slopes studied in this 
paper had intact turf and high vegetation coverage. The low-
est measured soil erosion rates on the three slopes were 464 t 
km–2 a–1, 875 t km–2 a–1 and 415 t km–2 a–1 in Malong Village, 
Yeniugou Town and Zhenqin Town, respectively. According 
to the current soil erosion classification [28], Malong and 
Yeniugou slopes were classified as experiencing a mi-
cro-degree of erosion, and Zhenqin had slight erosion. 
(2) Soil types of the three slopes were similar. Differ-
ences in soil erosion rate were influenced mostly by vegeta-
tion coverage at the slope scale. The higher the vegetation 
coverage, the smaller the average erosion rate. Soil erosion 
rates had no obvious correlation with gradient at the plot scale 
but they had a negative correlation with vegetation coverage. 
Table 3  Soil erosion characteristics using 137Cs technique in Qinghai-Tibet Plateau 
Plots No. The distance from top of slope (m) Slope (°) Vegetation cover (%) 137Cs area activity (Bq m–2) Erosion rate (t km–2 a–1) 
S1-01 80 10 similar to S1-02* 2372.20±138.19 4 
S1-02 180 10 85 2206.75±108.50 79 
S1-03 280 10 75 1541.38±133.71 945 
S1-04 380 5 90 1786.38±121.88 471 
S1-05 480 5 85 1786.36±111.60 503 
S1-06 580 5 85 1676.40±111.87 651 
S1-07 680 5 80 1832.19±130.81 499 
S1-08 780 3 85 1772.71±99.65 491 
S1-09 830 3 similar to S1-08* 1953.29±135.25 533 
S2-01 30 5 70 1477.85±125.69 836 
S2-02 80 10 similar to S2-01* 1487.13±104.09 769 
S2-03 130 8 62 1169.38±125.21 1536 
S2-04 180 8 similar to S2-05* 1631.07±112.56 518 
S2-05 230 8 70 1505.53±113.64 735 
S2-06 280 5 75 1405.06±132.87 924 
S2-07 330 3.5 65 1574.03±132.24 811 
S3-01 20 10 similar to S3-02* 2417.30±144.52 374 
S3-02 55 16 98 2449.78±149.62 362 
S3-03 90 16 85 2431.94±201.80 327 
S3-04 125 18 95 2814.22±159.41 –729 
S3-05 160 12 similar to S3-06* 2057.84±146.67 1614 
S3-06 195 6 80 2256.01±140.45 897 
S3-07 245 2 85 2516.87±144.72 62 
* No measured values. 












S1 464 6.2 83.88 479 
S2 875 6.8 69.57 508 
S3 415 11.4 88.00 316 
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Figure 3  Relationship between soil erosion rates and vegetation coverage 
of typical alpine meadow in Qinghai-Tibet Plateau 
(3) The three slopes are all alpine meadow, the most typical 
and widely distributed ecological system type in the headwa-
ters of the Three Rivers. They are also the main provider of 
ecosystem services. The conservation of alpine meadow is 
important for sustainability of ecosystem in the Chinese Water 
Tower. Our results showed correlation between soil erosion 
and vegetation coverage demonstrates that native alpine 
meadow with intact turf and high vegetation coverage had an 
important ecological function in conserving soil and water. The 
prevention of alpine meadow ecosystem degradeation in this 
area is therefore of utmost importance method. 
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